APPLICATION OF BARIUM TITANATE CAPACITORS 
TO FREQUENCY SHIFT KEYING CIRCUITS 



H. M. DRYER 




I 



Library 

IJ. S. Naval Postgraduate School 
Monterey, California 



, graduate School 
California 



* r,i , s 5 a h n Gold lettering & Smith Bindery 

■ 15th Street OelUd. Colli. Glencoert 1-9827 

DIRECTIONS FOR BINDING 



BIND IN 

(CIRCLE ONE) 


lettering on back 

TO BE EXACTLY AS 
PRINTED HERE. 


buckram 

COLOR NO. 8854 


DRYER 


fabrikoid 

COLOR 


1954 




LEATHER 




COLOR 




OTHER INSTRUCTIONS 


Thesis 

D783 


Letter on 1 


'he front cover: 


APPLICATION ( 
CAPACITORS 1( 


3F BARIUM TITANATE 

) frequency shift 


keying 


i circuits 



u\ tita.imt 

C ' J tT 

wits 



•r yer 

id States Navy 



H.M. 



DRYER 



oial fulfillment 
of the requirements 
for the decree of 



MASTER OF SCIENCE 
IN 

ENGINEERING ELECTRONICS 



UNIT r D ST IT T ‘S NAVAL FOSTGRAD ri ATF SCHOOL 
Ilonterey, California 
19 % 



Artison Gold Lettering & Smith Bindery 

593.lSthSlr.ot Oakland, Calif, GUnanart 1-9827 

DIRECTIONS FOR BINDING 


BIND IN 


— 
lettering on back 


(CIRCLE ONE) 


TO BE EXACTLY AS 


BUCKRAM 

COLOR NO. &*54 


PRINTED HERE. 

DRYER 


fabrikoid 

color _ 


1954 


LEATHER 

COLOR 

OTHER INSTRUCTIONS 


Thesis 

D783 


Letter on 


the front cover: 


application 


CF BARIUM TITANATE 


CAPACITORS 1 


0 frequency SHIFT 


KEYII 


G CIRCUITS 



H.M. 



DRYER 



AflL C r.L 



'• P'.Fv 1 . TIT i UT r 



CAl-iiCITORJ TO iAE C* J' : 'iT 
KEYING CIRCUITS 



by 

H. M. DETER 

Lieutenant, United States Navy 



Submitted in partial fulfillment 
of the requirements 
for the decree of 



MASTER OF SCIENCE 
IN 

ENGINEERING ELECTRONICS 



UNITED STATES NAVAL FOSTGRAD n ATE SCHOOL 

Monterey, California 

195U 



I> . 



it* S. iif. _i 



This work is accepted as filling 
the thesis requirements for the degree of 



iiiST'R OF uCI r »CE 



IN 



F.i«J .fE 7 R-MG ELECTS" ICS 



from the 



United States aval Postgraduate School 



r? 7 r .ce 



This work on the a :> fLication of titanate ceramics to a froq one/ - 
shift keying circuit began ao a laboratory tern project at the (J. o. 
Naval i os t graduate .School in the early part of 19 r 3. It was inspired 
by renarks of Professors E. G. Goddard and C. E. Menneken, of this 
school, concerning the possible applications oi nonlinear dielectrics 
to amolifiers and to telemetering systems. In addition to samples 
used in the experimental work, these professors provided encouragement 
and advice. 

Investigation of the effects of certain additives on the pro- 
oerties of barium titanate was carried out in the Transducer Engineer- 
ing Laboratory of the Bendix Aviation Corooration, North Hollywood, 
California. Dr. Leon Camp, the head of the laboratory, furnished 
guidance in this field. 
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c ju n i 



i:Ti, e irri i.-i 



1. Sii'imir;^ 

The dielectric constant ox certain ceramics, nota v ly t’ . *=> barium 
titanate family, is a function ox' the electric field across t e; . v 
caoacitor emoloyin-; sue ■> a lielcctrlc was incorporated In the bunel 
circuit of an oscillator. The frequency oi oscillation was vai ; ied hy 
applying an amropriato steady bias to t .o non-linear caoacitor. y 
pulsin' the biased caoacitor wit' a low frequency square wave, a sxr- 
nal suitable for use in fre mency s lift keyed radio teletype systems 
of communications was obtained. 
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2. Advant tges of Frequency j-iil't Keying 

In conventional radio telotyje communications e- ch char ct r is 
representod by a five digit binary code group, ulus start and stop 
pulses which are used to maintain synchronism between transmitter and 
receiver. At a transmission rate of sixty words per minute each code 
pulse is twenty-two milliseconds in duration. With on-off keying such 
a system is vulnerable to noise and to fading. It is possible for a 
sustained noise burst to occur during an off pulse and look to the 
receiving machine like a legitimate on pulse. While a human operator 
might be able to differentiate between the noise and the signal by 
differences in intensity and pitch, it has not yet proven practical to 
incorporate such discriminatory abilities in our communications equip- 
ment. Further, since the signal is being transmitted intermittently, 
automatic gain control and output noise limiting circuits can not be 
used in the radio receiver. 

Producing a frequency shift keyed signal involves extra system 
complexity, but there are certain advantages which justify this. When 
different frequencies are used to indicate on and off conditions, it is 
no longer possible for a noise burst to look like an on pulse. Since 
some sort of signal is being transmitted at all times, it becomes pos- 
sible to incorporate automatic gain control and output limiting circuits 
in the receiver. This gives great improvement under conditions of flat 
fading. Frequency shift keying may be regarded as a limiting case of 
frequency modulation. The intelligence carrying power is dispersed over 
a small number of discrete sidebands, whereas with on-off keying this 
power is concentrated principally in two narrow sidebands close to the 
carrier frequency. With a frequency shift on the order of 8^0 cycles 
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i n’rj' , o ;rior . t ust >o laid for Lai: mcr rs^d tran. ni- io 

realiaoil t . . e 1 • at -•>! t ii_ is tif incr^u ' .aUidt . fir 

pfijorr i ,rt _a . 1 ■ w> ' c >. L c.t' r "'i i tr _ a. i_ t L°r. in ox - .< r 

to II’ duce the deal red i re pv c. ' iit, t> • induct .ric", ca xiCxtanoc , or 

hot ol t..-' circuit wic > ;ener . o tno ire uf icy ..xut ,•'* altered, it 
is .anifostly it.no _itlo to dc t .is ov physically vuryin • circuit con- 
lore .ts j hence roc , ur.s'" > i-j .id to electronic noana. '.susli tiis in— 
volv n an .o variation of a reactance tube modulator. In one tv ileal 
equi . rt ^ is requires t rp° additional v'cuuia t'’’'Oj, t.:o in a bal- 
anced react - co -emulator an’ o.r in a roacta.ce a i d.L.ii r 'r, v;ith ac- 
3 ociato^ cirruitr r . f n y .r'i ' , Cj required ^ Iv^at disci lation^ 

an 1 cost o th" \ nit ar thus incr-as'-d. The r; air in tra o. ission re- 
liabi L t' r is so ef a 1 decreased bv t' e lo j in eq iorent reliabilitv. 



>i_r»vin a v n r r 3 . ilL * Li t y i J.T-- oi u*iiici ’go pa -'tcit/or 



i i t*' 



m n ? circL.it o 



o.l bV o-T’ ‘.LLatnr, t ;ccib* , -a 1 jo gip fro- 



quenev, .nv still h varied ol'-c or* icallr without ad in r'etra tubes. 
Mo si nific ant iicrexj- inuoiyt, sice, rier require. ie .us, ’-.eat dls- 
sioata.on, or cost— all inporta no factors in nili tar." equipment — r°s'. It 
tier ' r . T i e U-^vul lii'-' of a piece of cera.iic is 'c r rx. iinl, r i.'ac 
\inl-ers oert-i". to biblio rao •. 
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gr^at^r t' an that o o r *> f - .1 sevor'il, - .cun t ■_>. 

Li. Disi 'vantn ' n o[ r > >os ' r} .otho'. 

t present, t' • aujor disa’vnnta " at t is . t o o ro 1 1 l i 
fr r. uoncv shifted cl ;nal in b >e »rn. '.ti^ tr oi o o oit' tote c^r.' o bo 
changes in ton joratur^ . . port > n ; 3 ol t jj* ritm a t o dieloot 

constant c -ar 30^ i.oro rajilly with r rt snoot to t r 1 fr b”r^ t «*n with 
resnoct to the electric Held ir x-ced u Jon it. .c ior r eix'c.ts, c> iu«d 
bv thermal and electrical hysteresis in t.ie certn.c, are ninor a;.n - 
ances. (One successful . method of aciievi.ii, temperature st.bilit/ is 
desci*ibed hereir.j undoubte lly others, son^ superior to mis, will « 
evolved. The variations cause-’ .y omor' r cm be lived with ~s in- 
dicated by the ex >erirnental results.) 



u 



r t 



f -r r T . _lt 'a r: 



1. Terra, nolo 7/ 

in the followin' re.mrkc on too pro >ort‘i/v o* citn.iat- c^r ic J} 
it will bo necessary to ei.-i.plov some oi' the t minolo 7/ oi' crystal- 
lography. Jinc" ci" , 'stxllo_;r~ > poru in not a. t o on sin 'lo ate d rd 
vocabul .r r , it my e woll to define t ip ' pcpt o' to bo used at 
t -e ^utsot. The unit coll is the smallest par lloleoioed from w ich 
a particular crrstal may bo constricted, Lho rr f st 1 ox^s are a 
system of coordinates oarallol to the ed *->j ax' a unit c 11. Tho 
axes ar° la celled a, 2> an ^ £.* unit distance- alon tie a-'*'C 

are /proportional to tho dimonjions of the unit col]., _n a qu^Ic 
crystal the aces aro mutual!/' mr “n’i'-ular, at'* th« intercepts are 
equal, in a tetra -oral cr/stal t e a s ar a 'ain mutually oe r . pedi- 
cular, t e intercepts alon; a_ aiv’ _ are equal, ut t. at or. c is 
larger, in an ort t rhombic crystal the a : »s ar one more mutually 
perpendicular, but none 0.1 the intercepts are rq al. in t i- o- je 
c<a<b. A trigonal crystal >aj f^ur axes: c is m axis of syn iPtrv; 
aj_, ap, an! aj aro equal in len ;th, 1/in. 120° apart in a jLano p'u - 
pendicular to c. 

The Curie Feint is the to .poratur: at ./rich th’ crystal structure 
of the ceramic changes. Phis is variable with re-pect to the c 1 ileal 
comP''Sitier and prrs -r. ‘arium titamte is characterized by t' rp° 
such points. Host authorities rexer on.b r to tho c " n ;e which occurs 
at about 120°C. as the Curie Point, and to the ot- r rs as wa..sitioo 
points , .-.cco. .panvin- t' ese structural c'mr. x are chan os in t e pro- 
porties of t x e material. Jeveral of these properties are o_ inter r t. 
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o port; ‘ r* iorro^l^^br' c .> jt^’p . .bo n_ x t r able i • 

orro^ 1 ^o t y% p i.v f i »_ * * nb . . co ol r ctr-c > 1 sab o o a ob +j 

m»i ml ir s n 1 airr a L *tf o r 1 • i c b * 1 * 3 . v r r - i t r . • 

^arir VtJJi- - r trie iWal ill - i tr L ^b^- 

; uricb'jvp e neb i o. ii a *i cion, p r t ° Q) v -'-ea L °n oi ' .- 



Isl : x 
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rr^rl °b:* c 



o • a <_» 



:. t . '->1 ' vbion nb b^ to rab r *. < 11° t r 



direct *. Co is ox ro* b b . o " to f'oso o fabricate b n oei - 

iiic, o> co. ivor jo o*i>' t, a c’ v ji ,r .a b ijcra/ur^ tb 1 an ajjlie* 

field, <o j b ,N u\°r o o- i-* *' ^n,. « 

T*o 1 ' ini Li Ib^u \J\ usa - o o .n r \ 3 ) - nd. -a.o ui (i • 

? # "oda ‘ -r A t 'ar' ? ba .ab 

>0.0 b^ ' Puri * o'.ib, 'aiivLi b b 3 t r -•* cnb c. t o tc’i corner 
o t v 1 1 1 ni a colt i-’ ' . r i nr. nbo-^# ^n c o .oor 0j -C i iic° i^ an 

ot/ a ar », U 'blo in t 1 ' conber of b (i ci 1 >r is a lib naan abo.ri. f 'e 
b. banian .a * 3 l covalent 1 ?n^ vat 1 ci. oj. u ip o>c/ 0 ‘'S ab ail oL .°o 
and ;\ 1 r b r dijolxc^' 5 bov;ir vl J a. in bii^ " , u ^ b r..al ix n r r o± 

ci^sb* 1 ir> 3vf. cl *iu .0 ,u oi. r oar oi i.* 3.x Lo me*? ti^nL 
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for the titanium atom equally probable. The material is n o ith°r iezo- 
nor ferroelectric in this state. At the Curie Point, the dielectric 
constant is a maximum, falling off raoidly on either aide. (Above the 
Curie Point this variation is approximately that predicted by the 
Curie-Weiss Law 

K = Ko / C/ (t-to) 

where Ko is the limiting value of the dielectric constant for temper- 
atrjres much higher than the Curie Foint, C is a constant, t is the 
temperature, and to is the Curie Point temperature.) 

When the temperature is decreased below the Curie Point, the ther- 
mal energy is no longer sufficient to make all six of the possible po- 
sitions for the titanium atom equally orobable. Most of the titaniums 
in a region (or domain) tend to line up in a particular favored direction. 
The axis along which the titanium has been displaced becomes longer than 
the other two, the structure is now tetragonal, a dipole moment de- 
velopes in the direction of the longer axis, and the material is ferro- 
electric in one direction. However in multidomain single crystals or 
in polycrystalline samples, these domains aro oriented at random with 
respect to each other and the net polarization is zero. In this and 
subsequent phases, the barium titanate may be polarized to produce 
piezoelectric effects. After the initial sharp drop in dielectric 
constant near the Curie Point, the decrease continues slowly with 
temperature until a second transition point is reached. 

The second transition point comes at about 10°C., occurring higher 
for rising temperatures than for falling. In this stage the thermal 
energy has lessened to the point where the titanium may be disolaced in 
two favored directions instead of just one, and apparently spends equal 
times in both positions. In this phase the crystal has become orthorhombic. 
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and exhibits ferroelectric pr erties aim t t. ir r 1 a 

second 3 arp Iro , of 3 ialLer a’nitulr t an t Limb, in dielectric 
constant occurs here. 

Followin' , tie share droj, a steadV lecro ise with teroora miro a ai 
takes olace and continues to about — SO°C . at which temperature t' ere is 
a third transition, in this ohasn, which aoparently continues dov;n to 
absolute zero, the structure is tri on*l. Tie t tani ti can now soend 
equal times in any one oi three positions, anl t' e crystal 1^.3 1- "s 
ferroelectricit, r alonq three exes. At this turd tra isition point the 
decrease in dielectric constant is less pronounced ad not as sharply 
defined as at the two preceding ones. . nd inally the qi'adual decrease 
of dielectric constant with temperature resumes, reac.iin a minirrun alue 
of about ninety at absolute zero. 

Figure 1 is a plot of the temperature variation of dielectr'c con- 
stant for oolycrystalline barium titanate as determined by von T imel, (21). 
The data were measured at one kilocycle per second for increasin' 1, 
tempera Lure. It must be minted out that at this time the production oi 
titanate ceramics is less a science than an art. The or perties an' 1 be- 
havior of th° finished ceramic is dcoendent upon the ourity of the raw 
materials and the method of manufacture. (U) (3) (19). troperties va ry 
not enly from lot to lot of the ingredients, but also from batch to bate h 
of the same lot. Theoretical considerations are of slight avail in those 
fieldsj only tedious experimentation is orovidinq concrete answers. Still 
unsettled are such basic questions as the optimum firin cycle for 
vitrifyin;- the ceramic. 

Here too it must be noted that the pro perties of barium titanate 
test bodies va ry with frequency and with applied field as well as with 
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tr . j ' l i , r s , ora . o io j • u* »»V 01 1 

r r su r ot c t 1 r", ~ 1 > ’ i LM 1 * 1o cribei t*“' c ^ition i 

t.rv\r r, o *. 'u:;b 1 n ca " ill/ r 1 c ,i )l u* . r sti* 1 • no > 

o p >ori . * a rj (13) t/ 1 o t rau Ml jnvesti*atM tbr / riitlonj ill ’ i ins 

t'tanatn d olocti c )r^» rt rt'Pj ' i id l o/on e :> M.re to LL /it vrith 

'll 1 rltra-riolnt content c an 1 a’ 1 ’i^L *ctrlc constant of t^oir 
sa . This iU r o an r 'x >1 urilion oj. ah' t ^ ^Lol curie constant 
non i a to bo a function Oj. ti o too* 

s >r viouaiy l^scrib^l, biriuia tvta , t is 'ervool^otric at or- 
dinary ron t^ tV'rat ,, r' 3. -c mso t ° ratal t^st bo 1 f is a otece of 
iol* f er r st* lltno .ab 'rial y^t’o the irdi\/id< *al crratils and doiaina ran- 
do A r oriented, f. ■ nuu )olariZciuion is zero. diMi a atron static 
"lo ttrio MmII is MLiod to t^c . ^cinpn, t‘“»o '.r 4 li idual dr> .ains t°nd 

to ali *n u * is r Iv j wifi bii- ..1 ’l-, pro luc l*u a co*aaon co.i >onont of 

polarization. i T . ' * ro .oval of th rt firV, fm saraole remains solarized 
and it is no,* ±o S or>in C trlc. Tie amount o, rest.al polarization depends 
j on the co; >o.* ition o f’e sa i le, u e ;aa nitude of the polarizin-' field, 
the ten - rature at ■; >ich )ol .risauion was carried out, and tie length of 
ti t> j'-lir : .sh;; x .-1 1 was laintain cl. (The v laiizauion process is 
r°atlv similar to t >e ji neuLzvbien of ferrous it* trials • ) in tir f irst 
tjo hour# follo/jln polarization, f --r is a decrease in r siduaL polar- 
ization \Mic? is on t^e orl^r o^ t ;^nt v jer cent and thereafter th-» re- 
sidual Polaro.zatio n main swlstantlalL/ const nt. T ie r ■* nant polar- 
ization nrr r bo ^estr"V‘’d in um wa* r s N ow vorj eating t' n saraole to 

or near the rnrL r * *olut, or • r m bj -cti? ■ it to a iiel J o.l pola ity 
oooosito to t e )olai*izin *. rel ■ and ox c npara Le a^nitude. 
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. i nif'c. ice of Rarium Titnnato Behaviour. 

«ntar r -lectrostatics it is shown tiat when a linear OO' o- 
v . Hi»’ ,ric i- exposed to the influence of an electric field, , 
r , , oiilt fro* tie tendency of orbital electrons and 

vie - rr t te a n themselves with the iield. The relationshio 
i •icon 1 a 

( 1 ) 



in w c 6 is the electric 3usc'* jtibilitv. v d- fioition, tho ^l^ctric 
dis )lac^m^nt , D, is 

/ UTTF (2) 



Substitutin'* (1) into (2) yields 

D*E / U^CE 
D* E(1 / UTT«) 



( 3 ) 



The factor (1 / Li 77V ) is termed the .permittivity or diolpctric constant, 
designated bv the symbol K and is independent of E. 

However, as barium titanato is neither lineal' nor isotropic, and 
the quantities D, F, and P are vectors, it is necessary to alter the de- 
fining equations sli ;otly. T :e first mo lificatio is to consider onT'-* 
conoonents which are parallel to E. I'e>:t, r is considered to be toe re- 
sultant of several polarizations. That o larization caused bv electron 
migration is F a . As brfore, this a pro portio. ml to the ^i^ld, aef no 
mechanical strain results therefrom. The polarization which results from 
the disolacement of th° titanium atoms as discussed in section 2 is 
designated Pj . Because the titanium atoms migrate with utter rarylomn^ss 
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ii a v 3 r cp o; a 1 l 1 i, t i* l f ro. < r * i a. 

ext rnai jolirizln* ulst. , ti>o ui niom «. uv tcn^ to * 10 

d’.G OLacod ->ar llol to t ’0 iiol*. n this c to arvstal lattice 
is acviallv deformed and ji *nl leant o~ u line 1 trai m rr-o It, °»j- 
>osin ^ the action w' r ’ich ^rodicod t c jtrain. T\o roj Itia 1-r- 
ization is sli .htlv d^cr^a^ 1 UV o i o 3hi» V*in ‘a. c oc op nol labor- 
in'* molecule , but it is so. .mw at o.vanccd ii joxe oxygon it mo mov° 
towards t' r tit niiu a to u, is well aj titanium atoms aooromin^ 
favored ot / on ato. s. Tio inteiola * o; t v ojo actions caucus to 
bocoxo a araiisce'niontal iiincton oi 

( nson (17) absents a rigorous at u r.atic 1 an-.l/'si^ oi this .mel- 
anism, and empirically ovalr it°s cort Ln oi tio proportionality factors 
involved. ) 

Returnin' now to the d^iinin equations, it is soon tint 



p = p a / p d 

- pr. / p(r.)x” 

p = x ( 



(la) 



and 



D = E / U7TF 
D=P/ UTTr (P)xE 
1 =* G( r, )xP 



(2a) 



where 




(3a) 



becomes tbs now expression for K, the dielectric constant 
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C^rta n ex ' j t ^cruo r mr 1 ' t r ui ,4 ^tL >olari :;«■ 

t ° orraic. ** o»*n o^^rl o tu 1. . • t A ni n* d t.au a )olari”ol 

capacitor hao a airy \r (increased dissipation factor; cVcr^avyj on tic 
order or tv/ent' r t/ *ort r or r c^nt of t' o un * La. isnd valve ar cou.on. 
Thin i.r n important conoid *r* tier. u .m sin a cu x'citor un an o~c lLabor 
ciroi it. iVrt’‘or, in an n flari^od -.ni_t, to c a t voa in dirl'*etric 
const iit aro rvon fnneti »ns o liol^j ilaii of ;ivon ^aLtndo will 
prodr co t’ e cano c m e n ouuncit’ r reqardlcos oi y>l:irit <r . For t^o 
jolariso ’ Material t.’ ^n c* - a ur r odd funct'orc, ar*’’ air dot^mirn-d 
by both r.a u.itudf- and ol *ji t oi tin oirnal is' a \: ich l 'd t<> ox* » 
subtract ~rnr t » :v na'ib joI .isuliop. 

.lthou *h in one xal *■ i f 1* ^tr o e^/*, cunt la a tic •..cend r*t 1 
j. 1 ' ctiri (u thr .yield, t o A e "u ^ ist a j .,11 rai o oi . irl 1 i *tr n- 
oitioj ior a’ic'i oh /^: a^lon in oaaaoitv i ^ 1 To a* lilb r t -* 

circuit!" “ reap ire* to ;rorh ^ too ^ l.,r\u a i^ to the c )acifcor It is 
doairrb 1* ao con < l i r* . -i c 10 tivinate could not *■<* p~r- 
urmntl o> lariao , V is vjc , ‘ Lb r r viro an - xtrwiely .roll i*c ulatod 
>o.,or suanlv for the niacin oot' ntio.1 in addition to those ;oucr mo- 
li°s ct- ^rwio^ require 1 ior cqu - ' 3r:ont. ,ince remnant polarisation can 
bn oro^ -cr'q and aa t! is retains co stunt, alter t^n initial drop, for 
the life oi the , atorial, this critical )Ower oucnlv can be ^i3 sensed 
ui th . 
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Table I 



PbTi0 3 

CaTi0 3 

BaTi0 3 

R Pefore 
After 
Change 

C Before 
After 
Change 

DF Before 
After 
Change 

Notes : 



BF BCT3 Cl . L ..xZ.il 0 .! 
Ur ON T TAMiiT r C~ -v iCS 



Mix 1 


Mix 2 


Mix 3 


Mix U 




12.0 


3.0 


5.0 


).0 


y 

0 


3.3 


3.0 


c .O 


0.0 




79.7 


3U.0 


90.0 


IX). 0 




100 


76 


eh 


Po 


r w> 


35 


U3 


n 


U6 


O ' .c 


-15.0 


-U 3.5 


- 26.6 


-17.9 




368 


1033 


lli3 r 


29 °1 


n S 


q 95 


U3b 


1-Wi 


3362 


rr i' 


+ 3.10 * 


■ U.70 


4 3.97 


4-12.il 












-3 




5.16 


c . 97 


10. "3 


*$3 


U. ? 3 


3.06 


L.5w 


9.71 


xlO 


-12.3 


-U.-.5 


-23.6 


- 7.70 




DF * R/X s«jCR= 


2TTfCR 








Polarization c 


iTXpd ->ut 


it 1 > '1°F. for 


i^ur 


with a 


field of sixty 


kilovelts 


ier inc . 







Measurements :nai« on ratio arm bridge at t«n kilocycles 
oer second and room tenn~raturo (3 - >0'I ) no sooner tian 
thirty-six hours a T t°r iolarizac.j. n ... 



SamfLes .;ere ri i s, o oer bLajeter 1.2", 
1.0", height 0 2^", memanicallv resrna t 
kiloc/cles per second. 



in °r ’ia .et°r 
at "i out fixt/ - 



1U 






r 







i 



oi .< * ■. \j, » t 



o. r c ~ L < *-t *r r t in 



1 d' 1 * \r t o r r tir* b C^Y' 1C .%• 1 'P iflV'-r »!fb 



I’ 1 r . r tr f • *r A r • i -> ntbal t'i-< a rr . Uitr , .i.oh uorl' 

a, 1 *»'Tj car i^d r it to ^rL^r; • ip ji a a v t a > > ;; ra othor co. - 

m r'V., sir ilar in ciVotoL 1 tuic" jtn rtur r a 1 c\cu:lc%l n^ttm to 
’ nriv iibanat , air a d v. 1 ' »d p cormic. imr>n t o orr ohoroi: *hlr 
inv cti :t^d .a^f.alb t " t ral^a and tit. aVa ci load, crl- 

■ '"Y, laxlvj , rnd stro t- . ranialat a \r/» nioV ! lorn r::- 
• 'll. ■ to • ui t • nr* m r Al lr » x i 1 r 1 1 uu t c i .an of add i ti (?f) 

lr 'rrrnl, add iLvnc a ii o t .o C; r to nd/or trani>L»io »oi* a a d 








inner t 1 A - L r l r ’C ti C to* nxot. t«r u n .)i’iu tin* ^llirro .C' Vr - 

tuce n o’v fiiuip ,-.nd • r .n. ti n points in inerraar , ti" diolcctric 
<r ‘ riant t^r.dj to a \n tor^ ntrl lo ovrr an aoprrci’f Ip portion 



o ; t ^ intorvonip’* ratur* ran r # 



^tra ti naira lo'.r-r ti" Cmlr milt an 1 'reason tin rani. in 
tW: dial. ctric C)nat\'ib versus ra ; x* ratur curvo. ntannatra >rodvc r 
■uc^ t’ r aa..* r r_ r '• t • (iin ..nd rtrontiu rifoct t r cr/aual lat- 
tice coraianra oransivlv, (1 ?) w’^ici rainta up thr difxicnlty of 
train to ^rr.dict t! r Ijci* aviour of tbe c^rcviaco -ron nra 1' tlrair-ti- 
cal c r raider* tl'-nr at tdra tier.) Lra r1 era )p\MVla rain i' f Curio 
-omt a id iou"r t p joc nd transxtion ^oinu. T tt also lo\/or tho 
)irsoolc'c ti*ic cirri/ C lciuib cofr*;ounda lov;"r tie aecond transition. 
>oint uithouo oxfretin Vo Cvrie roint. ^rilo /tLri)n oxide ias 
ur.i tc.e sa ic oi±r t an a l^ad ad "iui^ , and Irs^ in roquirod to 
oroduce t>r na; o rr 'Lta, it i uo s too "xocnjivc at present for 
r*a,rnoi;r coi u orclal lic^tirn. 



1 / 






In a recent sviooriu- on bar'.uri titanatc ccelrroi r tv rs (1 ), it 
was reported that a ceramic composed of 1 l^ad titanat r f .3- cnlciur 
titanatc, and 79o7* barium titanato had optimum stability with respect 
to temperature. Experiment i/ith thin and other mixes indicate that a 
material composed of 8 '. each of lead and calcium titanaues, CU • barium 
titanato is better suited for this application. 

Figures 2,3»h,and c' on the following oa ;eo illustrate experimental 
results in this area. The data were taken at a frequency of one kilo- 
cycle per second with increasing temperature. The test bodies were 
polarized rings of the mixtures listed in Table I. Because the di- 
electric constants involved are of greatly different 1 agnitudes, the 
results are expressed as the percent change from the capacity of 70°i . , 
a purely arbitrary choice of the normalising factor. 
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Desirw.’ C l.i~ t ( 

To \ r iii’/ i : <• Drac 5 c. lily Oi i! e proposed etkod r. L rockcin a 
iv^'.vrrcv sMit ! < r r :x.l, i var a 1 L- xrc 'e;ny oscillator err.olo'l n r , 

l. tit: at r ' c ra: ie ca aci -or in o’" frecuei.cv d^t^mioin scrtio.i of 
the f:irc- it i<a^ r qi Livd. xt- y«u deei r>d lyr^.^ar: Via. t ° oucillatcr 
. o r '33 an inherent! ' . i . le rer frcqrcrc r sui’il^tv in order that 
unwanted -roqu'vicv drifts (csu. cd W ti c caoacitar.cos shiftin'*, for 
evn.nl'') vi nil not clo’.d t'.e r<~-si Its of tiauin . t^e ceramic unit, al- 
thor ► nomal radio t^l^tync oyrtei s o.oeiatr with a irv-.a C’ shift of 
on' ,,r JO cycles p^r s~e vud, it wa-s desired to to a le to produce a 

ift or t 'e ord-u 0 i a uindr rt d kilocycl' v pfr s' cond (to te able to 

1 ter Jivcsti >.te ic po jsibili!" r oi producing frequency .’.adulation of 
t lire er.rral lAtvi-r • xs :c’.c:o). So t^at Wait deviation i*j *irt 

b too real a o^rt.'on of t ^ resonant frequency, t e base Fre- 

quence should bo at least a r.ecac/'clo cor second. 

The Clapp (Series Tuned Col'itts) Oscillator vras considered to best 
lul; dl tie e. ecifj cation, road!*' outlined alove. (.. detailed analysis 
of this c : rc’. it is Ivor. :'r. .. qsondix I). Fat' or t’’au or. ;loy seoarate 
oscillator and Htfl'er ar.ioliiior stage , a pentod® electron coupled cir- 
cuit ua„ reserted to tor "c or ony oi tubes and co:i orynts. il though 
'or. a.l nractic° i. to opi rate the plate tank circuit at tvri.ee tie fre- 
quenc” of the control p i’ circ'it, it was decided to work loth at the 
are freovency .or better oh nervation of possible distortion in the 
out r ’t wave fom. 
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Titanat Sami s 



The most difficult part, f t e ~ )"ri. n 1 w r.< a w 

paper is b-ised was obtainin' s\ i table* sa lol* -> of cerat -c. r e »v — 

duction of oven s-nall amounts of this irti riaL rep iros a lar o ii - 

vestment in dies, a orms, and a well re p,l r l . w ich .m re n^t 

available locally, however, t r< e -r^' )S e 3a les were available. 
The iirst consisted ox tw • capacitor.', ca -1 ’ siti n un novxn, a.r - 
factured Iry the Gulton .ianufacturirv Corsorati n (of >tuchen, New 
Jersey). After much la! or, tiese were lisca -’e J h 'cause a satis- 
factory de r ree of temperature stability c^ul"’ not 1 e obtair. rr1 .,'Lti 
them, j’leasures tai on to improve t is stailLLt/ included tie use 
of t 'er lal insulation, coolin’ with fan.,, and -,tt r w tin wo l 'ontr L 
the temperature oi the samples with a crystal "v^n of t e tv re on- 
ployed in ultra high frequency radio equipments. 

The second group of samples consisted "f thin sieets x var- 
ious ceramics, also prepared by t e Gulton I Ianufacturin Coro-r- 
ation. On the basis of published 'asa for these materials, tie 
one which seemed most suitable was trie 1 in the circuit. This 
too proved to be unsatisfactory altheu h an appreciable impr >ve- 
ment resulted. Apparently hysteresis losses (and perhaps the 
converse pyroelectric effect) were heatin’ O'O sarnies. This 
caused t- e capacity and resistance of t’e material to s ift, 
thereby varying the frequency, '.'it' the o' a a in frc uencv, tie 
current through the capacitor chan ' r 'd, altering t o a. eunt of 
heating that took pi ,ce. The resultant chan r e in f re ue;,c/ wa., 
sinusoidal in nature with an amplitude of about me kiloc'/cle 
per second for the sec *nd sample (about ^ne and a half trilmvcles 
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per second for t e fir^t ->ne ) an 1 a _>e ri - ' ’ d th’rt -1 Lve t r. f 
seconds. (Substituting an air diel>ctiic viriabl* f r t ■ cm . " 
capacitor remove] this self modulation which nUcat-’d t t e 
cause was some oro.oertv of the titarate, n t some defect of the 
circuit) . 

The third r rou3 of san )les consist"! i Discos *i ccra.dc of 
mixture number two (0- each of le_.d ciLci m titinatos, 3i[ 
barium titanat 0 ) discussed jrc/iously. >' veral n x tho^e were s c- 
tions of rin.s u’ ic i had i oiled d’Tir * at’, it" 1 Larinaf n. 

These iroved to bo too 1 issv to su) >ort esc ilia i is in this cir- 
cuit. A complete rin , w ich lad not boon )olar'Z'’d, irev 1 sat- 
isfactory. f’ is oarticular unit ia J a roop te i » ratur", unbiaso' 1 
caoacitanc 0 of 1010 dcro.dcrofara^s, leasure'’ t no ::ibi n ^l > 
oer second. 

3. Circuit and Construction Information 

The circuit of the experiment .1 oscillator (shown in iyurc 
6) is quite convention il( 2) so only siniiicant 'if_.er°i:c ’s need 
be commented on. Hi 0 effective turning crx-cica •.& , , ij C]_ , a 

silvered mica, and C 2 , t^e nonlinear tit-mate unit, in series. 

The raa nitude of C 2 is much too lar e to use as is, so this r- 
dtices it to a usable value of 

Ci C 2 

Ct 5 

Ci -/• C 2 



The chan*" in C^ 



for a riven cha*r e in is also reduc"" 1 as is 
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Output 








,►) U yT<> « 

O ^GkjCj 



<$£ 

s nr$$ 
- *$$ 
"* ^ 



2 3 



C/#cl>/t DwGRrtm 



seen h' takin' the diiior iti.nl of --'nr ,r> - ’ <- r 1 r > 

2 

Cl 

dCt = 2 dC 2 

(Cl / C 2 ) 

This turns out to bo an advnnt u e as it is jessiblr to jroduce a 
much greater change in C 2 by apilviig 1 l ns to lb than is pro- 
duced bv te voerature variations. TVs r ’ucti n in t . (Vive r£ 
capacity therefore assists in attaining ten>erat.re sta 1- 'lit/ at 
the urice of requiring lar er oulses to *ive t 0 desired c’ an e . 

The oresenco of aLso ser/es to 1 lock the _as potential ap- 
plied to the ceramic unit irom the rest of the T> , ;n°d circuit. 
Neither nor Lj are shielded, but they are mounted wit t'eir 
axes at right angles tr ninimize mutual couolin’ between t'vjn. 

has an unloaded ^ of 195 and Lj has an unloaded of 9^ 

(for broader response ) at one ,iegac/clo per jO" n 1 . fie chok° 
coil, RFC 2 ) is provided to isolate the bias jovier sioply from 
the radio frequency currents of the tuned circuit. an' 4 Cj^, 

nominally equal in the Claop Circuit, are hero notch' d t within 

O.W. 

U. Tests Conducted 

Well regulated ( ewlett rackard 710.-.) Inborat -,r r over su:- 
olies were used during all tests to rdni.dze frequency variations 
caused by volta e chants. ■. resistive vita • ; ivid~r was use^ 
to provide screen < r rid and. plate volta es fr^m a c'-nnon s’rily to 
increase frequency stability. The olate o tent la 1 was set at 2 0 
volts, and the screen rid potential adjusted f.or a screen rid 
current of five millanoeres. The resultant Hat current was 
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i r 



3 jli , t 



■* j. 1 _ »ji . is. an r. 

v . t OX t .0 
■'at j.r"i''fac’ r 



viation? a v - 'o cr''ii x' t ' -'it’-er t b<v. ?r n i o o r >r 

or o- e 1 ij 'i* 1 ! ’s an iiv'ic .ti'n * t> co.:rac Tr to ' e rx- 



^oct^' i ro. ; t c^i'i’lnnti n of t^je tw inntr nt.;. 

N^'ct t ;-*■ crystal ojc Lllator wu turned i:, an 1 the "atjut 
froii the 'oorinont 1 oc'liat r - t 1 '* .n ■ t teriiinals 

of too 1 .. The was rrLhoe-' toj.i .-nrarLl r w t' cud v on«s, 

and th- Lil .vned f r - scr'- ..eat tc. .it’ t n ■ roc nn*ctcd 



2 ^ 



to the LI1, t v <* tun -nr dial \ri 3 a ’ /l! a -/.vr !.? rc 1 r**» cycl* 

■><*r second boat not** r* suited, ar^ tho nr i ' cr vailn lo a * a’ 

» 

observed for a period 01 one hour . .his lv e of r- n was i.dr wit* 
biasing ootentiuls of 0, 10^, 200, and yd' v It.- a l^'-d +o ' e 
ceramic unit. i-avinuin deviations ior th^ar runs ^id not exceed 
plus or ninus fifty cycles s'-nor-d and uer <* of a randoi nature. 

The cn< ratin' lreqvencics ior these runs were 111 + 0 . p^, 111 , 0 . 7 C, 
lD'0.1^, and 1139.?h kilocycles per second resvclivrl . 

Next investigated was the irequency versus bias characteristics. 

(For this and subsequent tests head onore3 wore used as i ull indi- 

cators and the 83UB dispensed v;ith.) The bias applied to the ti- 
tanate capacitor was increased in ten volt steps, -'n 1 the frequency 
measured. Upon reaching a value of 300 volts, the bias was de- 
creased in ten volt steps and the corresponding frequencies amain 
determined, h'nxt the bias was cycled up and down in twenty-five 
volt stops to see how serious hysteresis effects -would 1 0. Results 
are Hotted in Figure 7 . 

To simulate the proposed conditf n.. of use, t’ n e bias on 
the nonlinear capacitor was varied between seveial difierent levels 
as rapidly as the frequency eorresoondin to each value of bias 
could be determined. Results arc- indicated in Tallr xl. T’-is test 
approximated a low fre ,uency square ’wave signal, but admittedly did 
not a > > roach the twenty- two cycle por second signal iron a teletype . 
however, Apstein and deid'r, ( 1 ) Donley, ( 9 ) and Dranctz et al.,(ll) 
are airon' J those who reoort having oroduc' d mere general frequency . .od- 
ulation with a complex audio frequency signal by comparable methods. 
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without appreciable distortion. Bothersome time lag effects are not 
anticipate ! here. 

It was desired to determine the harmonic content of the output 

wave. The frequency of the oscillator is outside the range of the 
harmonic wave analyzers available in the laboratory. If the signal 
were translated downward by suitable heterodynings and any appreci- 
able distortion noted, the source of the distortion would not be 
uniquely determined; the culprit could be the beat frequency os- 
cillator, the mixer, or the experimental oscillator. Nor could 
the relative magnitudes of the harmonics, if found, be determined 
accurately in this fashion. Therefore the output was examined 
visually with a Tektronix 511AD Oscilloscope. The bias on the non- 
linear caoacitor was varied, again in ten volt steps, from zero to 
three hundred volts. For each value of bias the picture on the os- 
cilloscope was adjusted to show four cycles completely filling the 
ruled grid. No distortion could be seen. No improvement could be 
noted when an air dielectric variable capacitor was substituted for 
the ti tana to unit. 

5. Conclusions. 

The exoerimental data show that it is feasible to produce a 
frequency shifted signal by aoplying signal pulses to a suitable non- 
linear caoacitor. Several methods have been tried to insure temper- 
ature stability. The most promising of those seems to be the develop- 
ment of high Curie Point ceramics. It may be advisable to employ 
tantalates and niobates, instead of the more thoroughly investigated 
titanates, as they have Curie Foints in the range of 200°C. to 350°C. 
(392°F. to 662°F.), transition points near 0°C. (32°F.), and are 
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otherwise very similar to the titanates( 22) . A road of attack not 
tested is the use of positive temperature coefficient comoensating 
capacitors. This approach was not evaluated because suitable units 
could not be obtained locally at this time. 

At present a very large pulse is required to produce the re- 
quired frequency shift. The nonlinear capacitor employed was 0.10 
inch thick. As the proportional change in capacity is determined by 
the field strength produced by the pulse, the use of thinner units 
will enable the production of a given shift with a smaller pulse. 
(Gulton Manufacturing Corporation has perfected a technique whereby 
sheets of only several mils thickness can be produced, (11) ) The 
required change in capacity can also be reduced by several means. 
Among these are frequency doubling in the plate circuit of the os- 
cillator, and operating the oscillator at a higher base frequency 
since the proportional change in capacity required is twice the mag- 
nitude of the proportional change in frequency. 
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APPENDIX I 



ANALYotJ »!• CLAPP 03C ALLliT' R CIRCUIT 

The radio frequency portion of the basic Clapp Oscillator circuit 
is shown below. The losses of both L and C are assumed 




Figure 8. Basic Clapp Oscillator Circuit 

to be lumped in R. For stable oscillations to exist, the energy dis- 
sipated in R must be supplied by feed-back, in this circuit across 
C^ and Q, 2 ’ Proceeding on the loop basis, it is seen that 
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th^n 



( 5 ) 



if 



■ e 1 ©qu&Ls e ? 



4 (R / j(x L -x c ) ) 



4 J(\ / x 2 ) 

" hn \ X 2 X 3 



Whm th© £"<*{1— back ^nerq’' equals t' at l°st in , stable osc ill.ati*ii.j 
exist , an I e^ dc's equal ©2 • Dividin’' nut the com n Lac ^ > i-^ » 

in all terms of (5), and equatin'; the real an'’ ima innry vntions ei 
each side, it is seen that 



R ' -™ x ? x j 



( 6 ) 



is a condition that must bo satisfie for stuoilit^, ani that the 
frequency of oscillations rosy bo calculator! frora 



*C = x i f x ; 



wL - 



vjC 



1 

— / 
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( 8 ) 



1 11 
wL = / — 4 

vjC wC^l vjC 2 

C C 

w2 LC = 1 / / 
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When C-l equals C 2 then (11) reduces tn 
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r = k — 1 (i ) 

l/c 



Taking u o rti.i lerontiils if (13) yiol J s 

dC 

rtf * - K (T-M 

fc3 

inallr, 'i/i'in- (It) by ( 13 ) an ex^rcj^t m i>-r t ir iracti^nal 

c :an t of fr /r 3ucnc -r in terns o: t'>* fractional c'.an -e of tuning 
ca )acit - '’ 

rtf = -dC (1<) 

f 20 

It must bo re^cnberc' 1 that otrn r an 1 tube capacities form oart 
of Cj and . Since t 1- " physical capacitors n.l ‘/'O'f are much 
ro.'y-r t' m t. so o 'tranoous ad ’itionr- , variations in the unwanted 
capacities will n 't rcatl Tr affect the circuit. In addition, the 
tunin' ca lacitance , C, era :b''0' 1 in this circuit is always consider- 
ably : renter t’ en that ;/ ic’‘ w vL ' 1 b ,a eu /L~ '■ 1 in t .e c •■nvont buiat 
Col lilts or t'. ' ’artle" circuits. T'-us a *iven :ia ? nitu'o i change 
in C is a very , uch c.ialler portion or it, ^ar r .Ln th 0 frequency less 
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